Abstract-We report a widely tunable, narrow-linewidth, midinfrared cascaded optical parametric generator-optical parametric amplifier (OPG-OPA) based on orientation-patterned GaAs pumped by a 46-ps, 1-MHz, 1952-nm diode-seeded thulium(Tm) doped fiber master oscillator power amplifier (MOPA). The Tmdoped-fiber MOPA beam was split by a polarizing beam splitter into two arms to pump the OPG and OPA stages, respectively. The generated signal from the OPG was spectrally filtered by a diffraction grating combined with an adjustable aperture to act as the tunable seed light for the OPA. Widely tunable output in the range of 2552-2960 nm (signal) and 5733-8305 nm (idler) was obtained from the OPA with narrow linewidths of 1.4 cm -1 (signal, 2942 nm) and 9 cm -1 (idler, 5800 nm), respectively. The maximum pulse energy of 0.40 µJ (signal, 2942 nm) and 0.16 µJ (idler, 5800 nm) was obtained at an overall conversion efficiency of 22.4% for the OPA stage. The pulse duration of the generated signal was 36 ps and assuming the generated idler had the same pulse duration the corresponding maximum peak powers were calculated to be 11.1 kW (signal) and 4.5 kW (idler), respectively. Index Terms-Mid-infrared lasers, nonlinear optics, optical parametric generator, optical parametric amplifier, orientationpatterned GaAs, quasi phase-matching.
On the other hand, mid-IR optical parametric oscillators (OPOs) and amplifiers (OPAs), using efficient nonlinear frequency conversion, offer high output power and very wide tuning possibilities at the cost of somewhat increased complexity, and have found valuable applications in spectroscopic science [10] [11] [12] [13] [14] . For mid-IR OPOs, there are several highperformance nonlinear crystals: ZnGeP 2 (ZGP) [15] , [16] , CdSiP 2 (CSP) [17] , [18] , orientation-patterned gallium arsenide (OP-GaAs) [19] [20] [21] [22] [23] , and orientation-patterned gallium phosphide (OP-GaP) [24] [25] [26] . ZGP and CSP are birefringent crystals with tuning ranges limited by the requirements of birefringent phase-matching. In contrast, OP-GaAs and OP-GaP rely on quasi-phase-matching (QPM), which greatly broadens the potential OPO tuning range in the mid-IR and even far-infrared regions, limited only by the transparency of the nonlinear semiconductor media. In particular, OP-GaAs, with the highest nonlinear gain among all QPM materials, offers a range of attractive properties for mid-IR OPOs and OPAs, including wide transparency (0.9 to 17 µm), high nonlinearity, commercial availability at high quality, and the capability of designer QPM [19] , [20] , [27] , [28] . OP-GaAs has produced good conversion efficiencies and high-level output powers in temporal regimes ranging from continuous wave to femtosecond [20] , [23] , [29] [30] [31] .
Also in many spectroscopic applications, to achieve high spectral resolution, the mid-IR laser sources employed should not only have wide tunablity but also narrow-linewidth [32] [33] [34] [35] . To realize narrow-linewidth output, optical spectralnarrowing components such as etalons and diffraction gratings can be placed inside the OPO cavity [36] [37] [38] . Vodopyanov et al. reported a grating tunable 4-14 µm narrow-linewidth (between 2 and 6 cm −1 ) OP-GaAs OPO, but with a rather complex pump consisting of a 3-µm periodically poled lithium niobate OPO [39] . Dual-cavity doubly-resonant OPOs offer an alternative route to achieve the narrow-linewidth output [40] , [41] . Clément et al. demonstrated a stable nested-cavity doublyresonant OP-GaAs OPO generating single-frequency, but with a limited tuning range of 10.3-10.9 µm [41] . Furthermore, OPOs injection-seeded by external narrow-linewidth laser sources can also have reduced spectral bandwidth output, however, the tuning range is restricted by the seed laser [42] , [43] .
Compared to OPOs, which have relatively complicated cavities and critical alignment restrictions, OPAs with a simple single-pass nature and the possibility of high-power operation have attracted great interest. Generally, OPAs require an external laser source (normally narrow-linewidth) to serve as the seed for the parametric amplification. In the mid-IR wavelength regime, QCLs have been considered to be a promising seed laser for narrow-linewidth OPAs [44] [45] [46] . Based on OP-GaAs, Bloom et al. reported a 4.5-µm-wavelength QCL seeding a narrow-linewidth OPA pumped by a 2-µm Ho:YAG Q-switched laser. However, the generated wavelength was not tunable due to the wavelength-fixed seed laser [44] . In a later report, Gutty et al. demonstrated an OP-GaAs OPA with a wavelength-tunable QCL seed generating 8-10 µm output with narrow-linewidth (< 3.5 cm −1 ), however, the peak power was only 140 W [46] . Recently, our group demonstrated a high-peak-power (13 kW) Cr:ZnSe-laser-seeded tunable OP-GaAs OPA with a tuning range of 2557-2684 nm (signal) and 7168 to 8267 nm (idler) and linewidths of 0.7 cm −1 (signal) and 1.4 cm −1 (idler) [47] . However, the tunability was again limited by the external seed laser, and the OPA could not fully exploit the spectral range that the OP-GaAs crystal provides.
In this paper, to overcome this problem, we report the development of a widely tunable, narrow-linewidth, mid-IR source based on a cascaded OP-GaAs OPG-OPA. A diffraction grating together with an adjustable aperture is used as a spectral filter to narrow the signal linewidth of the OPG stage, which is then used as the seed for the OPA stage. Tuning ranges of 2552-2960 nm (signal) and 5733-8305 nm (idler) covering the entire wavelength regime that the QPM OP-GaAs provided were demonstrated, and the output signal linewidth was narrowed from 46 cm −1 (OPG signal) and 51 cm −1 (OPG idler) to 1.4 cm −1 (OPA signal) and 9 cm −1 (OPA idler), respectively. The maximum signal and idler output powers were 400 mW (signal, 2942 nm) and 162 mW (idler, 5800 nm) with an overall conversion efficiency of 22.5% for the OPA. With a measured signal pulse duration of 36 ps, the maximum peak power was as high as 11.1 kW. The idler had a peak power up to 4.5 kW, assuming a similar pulse width. The output parameters of this source, together with its simple fiber-laser-pumped single-pass frequency conversion configuration, makes the cascaded OPGaAs OPG-OPA an attractive option for mid-IR spectroscopic applications.
II. EXPERIMENTAL SETUP OF OPG-OPA
The configuration of the OPG-OPA is shown in Fig. 1 . The pump source was a 1952 nm diode-seeded Tm-doped-fiber MOPA system, similar to that reported in [47] and [48] . The available average output power for the OPG-OPA pump was 5.2 W, and the pulses had a duration of 46 ps at 1 MHz repetition rate. The pump had a full-width at half-maximum (FWHM) spectral bandwidth of 0.8 nm and a beam quality of M 2 = 1.3. In the OPG-OPA, the pump beam was divided by a polarizing beam splitter (PBS1 in Fig. 1 ) into two arms for launching into the OPG and OPA stages respectively. The pump power ratio between the two stages was controlled by a half-wave plate (HWP1 in Fig. 1 ) combined with the PBS1.
In the OPG stage, the pump was focused into an OP-GaAs crystal (BAE Systems) with a beam waist of 70 µm (1/e 2 radius of intensity) by an uncoated CaF 2 lens with 75-mm focal- length. This focusing, which is ∼1.6 times bigger than confocal focusing, was chosen as a compromise between achieving the highest nonlinear gain and avoiding three-photon absorption effects [47] . The OP-GaAs crystal had five gratings with periods ranging from 57 µm to 65 µm in steps of 2 µm, and it was mounted in an oven allowing a temperature tuning range from . The pump beam propagated in the OP-GaAs along the length, which was short enough to ensure that the acceptance bandwidth (∼1.4 nm) was significantly larger than the pump bandwidth (0.8 nm). Both two end facets of the OP-GaAs crystal were anti-reflection (AR) coated at the pump (R < 1%) and signal (R < 6%) wavelengths, but had a reflection of up to 17% at the longest idler wavelength (8 µm) as they had not originally been designed for operation at this wavelength. To maximize frequency conversion efficiency in the OP-GaAs, a half-wave plate (HWP2 in Fig. 1 ) was placed before the crystal to control the linear polarization angle. The optimum pump polarization angle was found to be at 58°with respect to [110] , as reported in our recent work [47] , and the generated signal polarization angle was detected to be at 10°with respect to [110] . After the crystal, an uncoated CaF 2 lens (focal length 100 mm) was used to collimate the generated signal. A pair of dichroic mirrors (DM1 and DM2 in Fig. 1) , with high reflectivity at the wavelengths of signal (>95%) and high transmission at the wavelength of the pump (>90%), were used to extract the signal. In order to convert the broad spectral output of the OPG signal generated by a particular QPM grating into a tunable narrow bandwidth seed for the OPA stage, a spectral filter consisting of a diffraction grating and a narrow aperture was used. The reflective grating (GR1325-45031, Thorlabs) with 450 grooves/mm had good diffractive efficiency (>85%), across the entire signal wavelength range generated by the OP-GaAs OPG. A half-wave plate (HWP3 in Fig. 1 ) was used to rotate the linear polarization angle of the output signal beam in order to optimize the grating diffraction efficiency. The adjustable-width slit aperture was placed after the grating to spatially filter the diffracted spectrum in one axis. Thus only a small but tunable fraction of the signal Fig. 2 . Measured spectra for signal (left) and idler (right) in both OPG and OPG-OPA operation regimes based on a 57-µm QPM period grating. generated in the OPG passed through the aperture to seed the OPA.
In the OPA stage, the temporal delay of the pump pulses reflected by the PBS1 was controlled by a pair of reflective mirrors mounted on a translation stage. A half-wave plate (HWP4 in Fig. 1 ) and polarizing beam splitter (PBS2 in Fig. 1 ) varied the pump power launched into the OP-GaAs OPA crystal, which had identical physical parameters to the OP-GaAs OPG crystal. A dichroic mirror (DM3 in Fig. 1) , with coatings of high transmission (>90%) at the pump wavelengths and high reflectivity (>95%) at the signal wavelengths, spatially combined the pump and signal. The spatially and temporally overlapped beams were focused into the OP-GaAs OPA crystal, by an uncoated CaF 2 lens (focal length 100 mm), resulting in an 80 µm beam waist for the pump beam. The signal seed beam size was measured to be 85 µm when not filtered. Once the grating and slit aperture were in place the power was too low to accurately measure the beam size in the aperture axis but was estimated to be ∼300 µm from the geometry of the experimental setup.
III. TUNING SPECTRUM OF OPG-OPA
For a fixed Tm-fiber MOPA wavelength of 1952nm and a fixed crystal temperature of 50°C, the different QPM grating periods allowed tuning of the central signal and idler wavelengths of the OPG from 2588 nm to 2919 nm (signal) and from 5892 nm to 7943 nm (idler). The generated spectrum from the OP-GaAs OPG using a particular QPM grating was also relatively broad, as expected. For example, with a QPM grating period of 57 µm and temperature of 30°C, signal at a wavelength of 2950 nm and idler at a wavelength of 5770 nm were generated from the OP-GaAs with a FWHM spectral bandwidth of 40 nm (46 cm −1 ) and 170 nm (51 cm −1 ), respectively, as shown in Fig. 2 (dash line) .
For the OPA spectrum, taking advantage of the spectral filtering of the seed, the spectrum was substantially reduced to bandwidths of 1.2 nm (1.4 cm −1 ) and 29 nm (9 cm −1 ) for the signal and idler, respectively. For a fixed QPM grating period and temperature for both OP-GaAs crystals, the narrow linewidth spectrum of the OPA could be rapidly tuned across the broad OPG spectrum by rotating the diffraction grating angle, as can be found in Fig. 2 (solid line) . By changing grating periods and temperatures of the two OP-GaAs simultaneously, a widely and continuously tunable OP-GaAs OPG-OPA was realized. Fig. 3 shows example output spectra, in the whole tuning range from 2552 nm to 2960 nm (signal) and from 5733 nm to 8305 nm (idler), with narrow linewidth.
IV. OUTPUT CHARACTERISTICS OF OPG-OPA
A pump-power threshold of approximately 1.5 W was measured for the OPG operating with signal and idler wavelengths of 2930 nm and 5860 nm, respectively (OP-GaAs period of 57 µm, oven temperature of 50°C). The corresponding power intensity at the threshold in the OP-GaAs crystal was 212 MW/cm 2 , which is in good agreement with the predicted value of 220 MW/cm 2 from the theory described in [49] . The measured signal and idler output powers from the OPG are shown in Fig. 4 . After a pair of dichroic mirrors (DM4, DM5 in Fig. 1 ) and a long-pass filter (LPF) with a short wavelength cutoff at 4.5 µm, the OPA signal and idler output power was measured. With the OPA-stage power attenuator (HWP4 + PBS2) set at a maximal transmission, the power split ratio from the PBS1 was optimized by adjusting the HWP1 to obtain the maximum signal output power from the OPA. After this optimization, we observed that 2 W of pump power was incident on the OPG crystal and 2.5 W of pump power was incident on the OPA crystal. With an OPG seed signal power of ∼2 mW, a maximum signal power of 400 mW, at 2942 nm, and idler power of 162 mW, at 5800 nm, were obtained for the OPA stage. The signal output power corresponded to that measured after the DMs, whereas the idler power was measured with the DMs removed but with the LPF in place and accounts for the losses of the LPF. With a 1 MHz repetition rate, the maximum pulse energies were 0.4 µJ and 0.16 µJ for the signal and idler, respectively, and the corresponding power conversion efficiency was 22.5% in the OPA stage. To investigate the influence of the pump power on the conversion efficiency in the OPA, we measured the signal and idler output power against the pump power by adjusting the OPA power attenuator (HWP4 + PBS2), as shown in Fig. 4 . The increment of the signal and idler power had a linear slope efficiency of 18% and 8%, respectively. Fig. 4 also shows the power conversion efficiency against the input pump power for the OPA. The conversion efficiency saturated when the pump was higher than ∼800 mW. The saturation at this level may be due to the non-optimized spatial overlap between the pump and the signal seed.
V. PULSE DURATIONS AND BEAM QUALITIES
The autocorrelation (AC) traces of the pump and signal pulses, both for the OPG stage and the OPA stage, were measured with a commercial second-harmonic-generation-based autocorrelator (APE, pulseLink), as shown in Fig. 5 . All AC traces have Gaussian-like pulse shapes with full width at half maximum (FWHM) values of 65 ps (pump), 51 ps (OPG signal), and 51 ps (OPG-OPA signal), respectively. The corresponding FWHM Gaussian-pulse durations were calculated to be 46 ps (pump), 36 ps (OPG signal), and 36 ps (OPG-OPA signal), respectively. In the OPG, the pulse duration of the generated signal seed was narrower than that of the pump pulse, whilst in the OPG-OPA, the pulse duration of the output signal followed that of the input signal seed, as expected. Unfortunately, the pulse duration of the idler pulses could not be measured due to the lack of suitable equipment, but the generated idler pulse durations are assumed to be similar to the generated signal pulse durations both for the OPG and OPG-OPA. Therefore, the highest peak powers can be calculated to be 11.1 kW and 4.5 kW for the cascaded OPG-OPA signal (2942 nm) and idler (5800 nm), respectively.
The M 2 parameters of the generated signal (2942 nm) and idler (5800 nm) beams from the OPG-OPA were characterized using a Pyrocam-based profiler (NanoScan, Photon). The output 
VI. CONCLUSION
In conclusion, we have demonstrated a widely tunable, narrow-linewidth, high-peak-power, cascaded picosecond optical parametric generator -optical parametric amplifier (OPG-OPA) based on OP-GaAs nonlinear crystals and a diode-seeded Tm-fibre MOPA pump laser. The OPG-OPA has generated narrow-linewidth signal and idler beams, with wavelength tuning ranges of 2552-2960 nm and 5733-8305 nm, respectively. The maximum peak powers of 11.1 kW and 4.5 kW were obtained at a signal wavelength of 2942 nm and an idler wavelength of 5800 nm with a linewidth of 1.4 cm −1 and 9 cm −1 , respectively. We believe that the combination of narrowlinewidth, wide tunablity and high peak power, in a simple fibre-laser-pumped single-pass configuration, makes the cascaded OP-GaAs OPG-OPA an attractive option for mid-IR spectroscopic applications.
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